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Fig. 1  Simulation results demonstrating
perveance and crossover current limitations.
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HiPEP Ion Optics System Evaluation Using Gridlets

Experimental measurements are presented for sub-scale ion optics systems comprised of
7 and 19 aperture pairs with geometrical features that are similar to the HiPEP ion optics
system under development within NASA's Project Prometheus.   Effects of hole diameter
and grid-to-grid spacing are presented as functions of applied voltage and beamlet current.
Recommendations are made for the beamlet current range where the ion optics system can
be safely operated without experiencing direct impingement of high energy ions on the
accelerator grid surface.  Measurements are also presented of the accelerator grid voltage
where beam plasma electrons backstream through the ion optics system.  Results of
numerical simulations obtained with the ffx code are compared to both the impingement
limit and backstreaming measurements.  An emphasis is placed on identifying differences
between measurements and simulation predictions to highlight areas where more research is
needed.  Relatively large effects are observed in simulations when the discharge chamber
plasma properties and ion optics geometry are varied.  Parameters investigated using
simulations include the applied voltages, grid spacing, hole-to-hole spacing, doubles-to-
singles ratio, plasma potential, and electron temperature; and estimates are provided for the
sensitivity of impingement limits on these parameters.

 I. Introduction
he ion current range over which a particular ion optics system can be operated is limited by the onset of

destructive direct (i.e., non-charge exchange) ion impingement at both high and low values of ion current per hole
(beamlet current).1  These current limitations can manifest themselves during initial testing of a grid set or after
many tens of thousands of hours of operation during a particular mission or life test sequence.

As shown in Fig. 1, when the beamlet
current is low, the sheath that separates the discharge
chamber plasma from the ion acceleration region is
dished upstream to the point where ions are over-
focused, their trajectories cross, and, at the limit, ions
in the beamlet begin to impinge directly on the
downstream edge of the accelerator grid barrel.  This
low beamlet current condition can occur at the edge
of an ion optics system where the plasma density is
lower in comparison to the central regions of the
thruster.  When the beamlet current is high, on the
other hand, the sheath is dished less, and the ions can
be under-focused to the point where they begin to
impinge directly on the upstream side of the
accelerator grid.  These extreme conditions define the
crossover and perveance limits on beamlets that are
extracted over the diameter of a given ion optics
system.  Careful attention must be paid to these limits
to prevent direct ion impingement and rapid
accelerator grid erosion.
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Two consequences exist when direct impingement is allowed to occur.  One consequence could cause
structural failure of the grid set if the condition were allowed to continue until the webbing between the accel holes
was worn through over a finite region of an ion optics system. This concern would only be applicable to extreme
operational conditions or very long missions, and is considered to be an unlikely event during in-space operation.
The second consequence is more likely and concerns high rates of material being sputtered from the accelerator grid
that may re-deposit onto the downstream surface and within the aperture barrel regions of the screen grid.  The
deposited film on the screen grid can build up to the point where it may crack, de-laminate, and peel from the screen
grid sooner than it would if only charge exchange ion impingement was occurring on the accelerator grid.  If a flake
of the deposited film protrudes into a screen hole, the ion acceleration processes near the screen electrode will be
strongly affected and additional ions may be directed into and erode the accelerator grid.2   In addition to formation
of rouge holes, flakes that span the gap between the accelerator and screen grids can cause recycles to occur, and, if
the flakes are large in cross-sectional area, they may require excessive use of grid clearing circuitry.

An equally important operational limit on ion optics systems is the backstreaming limit, which is the
voltage magnitude that must be applied to the accelerator grid to prevent beam plasma electrons from
backstreaming.  Ideally the accelerator grid voltage should be held negative of but as close to this limit as possible.
This will ensure that damage due to the small current of charge exchange ions that sputter erode and limit the
lifetime of this grid will be minimized.  Unfortunately, the backstreaming limit can change as the accelerator grid
wears over time or when the beam current is changed, and compromises on selecting the magnitude of the
accelerator voltage must be made or power supplies must be flown with adjustable voltage capability.  Many factors
can affect the backstreaming voltage including aperture geometry, net voltage, and beamlet current.3   The plasma
flow field environment in the ion beam is also an important factor in determining the backstreaming limit, and the
onset of backstreaming can be strongly affected by the operational conditions associated with the neutralizer and
conductive plasma-bridge that forms between the neutralizer plasma and the beam plasma.  During a long mission,
the accelerator grid can erode to the point where the voltage limit of the accelerator power supply is no longer
adequate to stop electrons from backstreaming.  This condition defines one important End of Life (EOL) condition
for a thruster/power-supply system.

In this paper, we describe tests on sub-scale ion optics assemblies (gridlets) that were fabricated from Poco
graphite to geometries that are being considered for the High Power Electric Propulsion (HiPEP) ion thruster under
development at the NASA Glenn Research Center as part of NASA's Project Prometheus.4  The first section of this
paper contains a brief description of the experimental apparatus and procedures used to conduct tests on gridlets.
The second section contains results of tests where the impingement and backstreaming limitations on beamlet
current were measured over wide ranges of operational and geometrical conditions. The final section presents (1) a
comparison between experimental measurements and numerical simulations conducted using ffx5 and (2) a
discussion of the sensitivity of impingement limit currents on geometrical and operational parameters.

 II. Gridlet Evaluation Technique

A photograph and sketch of the gridlet test facility and a drawing of gridlet geometry are shown in Fig. 2.
Tests were conducted by mounting an assembly comprised of two gridlet electrodes to a ring-cusp discharge
chamber.  The screen and accelerator gridlets were insulated from one another using standoff insulators and were
aligned through the use of precision-placed alignment holes.

The beam voltage applied to the screen gridlet and boosted by the discharge chamber anode power supply
(not shown in Fig. 2b) was measured relative to tank ground.  It is noted that the inner diameter of the discharge
chamber anode is 15 cm and this was much larger than the active diameter of the gridlets tested (~3.6 cm).  This was
done to ensure that the discharge chamber plasma properties would be uniform over the entire gridlet area, and
thereby impose common behavior in all beamlets to allow division of the measured beam current (JB) by the number
of apertures to obtain the per hole or beamlet current (Jb).  A ground screen was placed between most of the inactive
area of the accelerator grid and the beam plasma to limit the collection of beam plasma ions on the inactive regions
of the accelerator gridlet surface.  The impingement current collected by the accelerator grid was measured using the
ammeter shown in Fig. 2b (labeled JA) and converted to a per beamlet value (Jimp) by dividing the ammeter reading
by the number of active accelerator grid apertures.
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              Gridlet test in operation

TABLE 1  HiPEP gridlet geometry and nomenclature.

Case Study
Description Parameter A B C

Screen hole diameter ds 5.25 5.25 5.25
Screen grid thickness ts 3.94 2.62 2.62
Grid gap lg 11.36 11.36 11.36
Accel hole diameter da 5.25 5.16 5.25
Accel grid thickness ta 3.94 2.95 3.94
Hole-to-hole spacing lcc 5.34 5.43 5.34

# of holes H 7 & 19 19 7 & 19

The ion beam was neutralized using a remotely located plasma source.  It consisted of a 6-cm diameter,
ionization stage that was equipped with a hot filament cathode.  The neutralizer plasma source has been operated in
a previous study over a wide parameter space of flow rate, discharge power, and coupling bias to investigate the
effects these parameters had on gridlet testing.6  For all of the electron backstreaming characterization presented
below, the neutralizer discharge power was set to 3 W, the neutralizer flow rate to 0.1 sccm, and the coupling
voltage to -15 V based on results obtained from this earlier study.

The vacuum test facility was 41 cm in diameter and was pumped by a diffusion pump.  The base pressure
was in the low 10-6 Torr range after baking the vacuum chamber for 1 to 2 hours.   Xenon flow rates from ~25 to 150
mAeq induced pressures of 2x10-5 to 3x10-4 Torr, respectively.  These pressures are higher than some large test
facilities can achieve with full-sized thrusters.  The predominant effect of higher base pressure operation is the
observation of higher baseline impingement currents.  The baseline impingement current is mostly due to charge-
exchange (CEX) ion generation and is proportional to the prevailing beamlet current.  As described below, this
behavior of CEX being proportional to beamlet current allows one to distinguish between CEX and non-CEX (i.e.,
direct) impingement currents.

Fig. 2b  Gridlet geometry definitions.
(See Table 1 for more information)

Fig. 2a   Sketch of gridlet ion source and neutralizer layout and
wiring diagram.
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Gridlet testing involved measurement of the beam and accelerator current as the ion source discharge
chamber power was varied.  The discharge voltage was set to 30 V for most of the tests reported herein.  In general,
the ion source flow rate was also fixed at the start of a particular test to a value that was ~40 % to 60% larger than
that required to operate at the perveance limit of the gridlet under test.  However, some testing was conducted at
high propellant utilization to study the effects this had on impingement limit data.  Gridlet tests were performed over
various beam and accelerator voltages to obtain throttling behavior and backstreaming limit data.

Figure 2c contains a sketch of the gridlet geometry and the corresponding nomenclature that will be
referred to in this paper.  The dimensions of the gridlets are listed in Table 1.  Three different case studies were
performed on the HiPEP design, and the geometry for the different gridlets are called out by letter (i.e., A, B, and,
C) in Table 1.   To limit the clutter on the charts presented in the results section of this paper, we have identified all
data with their corresponding case study letter.

The ability of an ion optics system to impart a negative potential throughout the beamlet volume near the
axial location of the accelerator grid determines its capacity to stop beam plasma electrons from backstreaming into
the discharge chamber.  The geometry of a typical ion optics aperture set applies boundary conditions that result in
an electrostatic potential saddle point being formed near the axial location of the accelerator grid on the beamlet
centerline.  The saddle point presents the lowest resistance path to electrons on trajectories that could carry them
from the beam plasma toward the discharge plasma.  The magnitude of the negative voltage that must be applied to
the accelerator grid to prevent electron backstreaming, the backstreaming limit, was measured at each beamlet
current and grid geometry condition investigated.  This was accomplished by (1) setting the accelerator voltage
magnitude to a value where no backstreaming occurs, (2) slowing decreasing the accelerator voltage magnitude and
simultaneously monitoring the beam current, and (3) reducing the beam current/accelerator voltage data to
determine the voltage where the beam current increases to a value 2% above the nominal beam current due to
backstreaming electron flow.

 III. Results
Experiments were performed where the number of holes, through which ions were extracted, was varied.

This was done in sequential tests by attaching two different screen grids (ones with 7 and 19 holes) to a single
accelerator grid with 19 holes.  The results of these experiments are shown in Figs. 3 and 4, with the impingement
current limit data shown in Fig 3 and the backstreaming limit data in Fig. 4.  As shown in Fig. 3, the perveance and
crossover current limits were very similar for both gridlet sets.  Tests have also been conducted with only one hole

and significant differences
(+25%) were observed
relative to the 7 and 19 hole
gridlet data due to
difficulties in operating the
ion source at low flow rates
to obtain similar propellant
utilization efficiencies used
in the 7 and 19 hole tests.  It
is noted that the ion source
would need to be operated
with at a flow rate of only
0.05 sccm to match the max
propellant utilization we
used for the 19 hole gridlet
tests. Currently the ion
source is not leak tight
enough to operate at this
low flow rate condition,
and, in addition, the flow
meter does not have the
resolution to indicate flows
below ~0.1 sccm accurately.

Fig. 3.  Effect of changing the number of holes on impingement limit data. (Case
A, VN= 6.5 kV.)
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Figure 4 shows the results of the backstreaming tests that were performed on the 7- and 19-hole gridlet sets
operated at the same beamlet current where it was observed that the backstreaming limit varied over a 15 V range.
This difference is within experimental error, which is mostly due to the voltage increments used to collect the data.
Other possible sources of error include differences in the beam plasma properties between the two tests, either
because the neutralizer was operated at a slightly different discharge power level and flow rate or because of
differences caused by the total beam current that was extracted with 7 and 19 holes gridlets.  It is noted that the
quick turn-up in the plots at ~430 V are very similar and probably correspond to the initial onset of backstreaming.
However, it was felt that more reproducible (albeit less conservative) data are obtained when using the 2% above
baseline criteria described in Section II.  This is inline with the goal of determining what parameters affect
backstreaming limits the most, but may not be adequately conservative for defining full-scale thruster backstreaming
limit tests.

Fig. 4   Effect of changing the number of holes on backstreaming limit behavior at a  fixed beamlet current. (Case
5A, VN = 6.5 kV.)

Several experiments were performed to find the effect of varying the grid spacing on the beamlet current
and backstreaming limits.  For these experiments, the grids were throttled over a range of net accelerating voltages
(VN) from 5,000 V to 8,000 V.  Figure 5 shows impingement limit results obtained at each VN condition for a Case
5B gridlet).  This process was repeated at different grid spacing, and the perveance and crossover limit results are
shown in Fig. 6a and 6b.  As expected, increasing the spacing resulted in a decrease in the maximum amount of
beamlet current that could be extracted at any given net accelerating voltage.  In a similar manner, tighter spacing
resulted in higher crossover limits.  It is interesting to point out that the crossover limits behave in a manner that is
similar to the Child-Langmuir dependence on total voltage (i.e., VT

3/2), but appear to less sensitive to spacing
changes (i.e., less sensitive than le

-2) .  In fact, only the data corresponding to the smallest and largest spacing are
shown in Fig. 6b to avoid cluttering up the figure unnecessarily.  Figure 6c contains the perveance limit data for the
smallest and largest spacing conditions plotted as a function of the total voltage.  Curve fits to the data indicate
power law dependence on total voltage at values that are also close to the Child-Langmuir law curves.  The Child-
Langmuir law curves shown in Fig. 6c were obtained using the following equations.
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In Eq. (1), Jb,pl represents the beamlet current at the perveance limit, εo permitivity of free space, q charge on a singly
ionized ion, z charge state of ion, m mass of a xenon ion, VT total voltage difference between the screen and
accelerator grids, ds screen hole diameter, and le effective grid gap.  The equation for beamlet current was derived
from the Child-Langmuir expression for current density by multiplying by the cross-sectional area of a screen hole.
The effective ion acceleration length, le, was calculated using the following equation.
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In Eq. (2), ts represents the screen grid thickness and the other parameters are described above and in Table 2.

Backstreaming data were also obtained during these experiments, and the results are shown in Fig. 7.
Again, the results were found to be consistent with expectation (i.e., smaller spacing required larger accelerator
voltage magnitudes to stop backstreaming).   In addition, the backstreaming limit was observed to be linearly
dependent upon the net accelerating voltage.  It is noted that all of the data contained in Fig. 7 correspond to beamlet
currents that were ~35% of the perveance limit for the given net accelerating voltage condition.  This beamlet
current corresponded to the point where electron backstreaming would most likely occur.

Fig. 5  Effect of changing the net accelerating voltage on impingement limit data. (Case 5B)
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Fig. 6a   Perveance current limits for a 7-hole HiPEP gridlet operated at different grid-to-grid spacing. (Case 5B)

Fig. 6b  Crossover current limits for a 7-hole HiPEP gridlet operated at two different spacing conditions.  (Case 5B)
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Fig. 6c  Perveance limit data from Fig. 6a plotted with Child-Langmuir curves for small and large spacing.

Fig. 7  Backstreaming limit for 7-hole HiPEP gridlets at different grid spacing.  (Case 5B)

Figures 8 and 9 show the results of a study in which the accelerator hole diameter was varied.  The
impingement limit results are shown in Figs. 8a, 8b, and 8c.  An increase in the accelerator hole diameter by 36%,
which corresponds to an increase in accelerator hole area of about 84%, resulted in a modest 23% increase in the
perveance limit (on average as shown in Fig. 8a).  Figure 8b shows the crossover limit as a function of total voltage.
An increase in the accelerator hole diameter decreased the beamlet current where direct crossover ion impingement
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begins to occur.  The curve fits in Fig. 8b indicate that the crossover limit follows a power dependence on total
voltage that is close to 1.5.  The crossover limit data from Figs. 6b and 8b are re-plotted in Fig. 8c after being
multiplied by VT

-3/2 and by the square-root of the ratio le/ds and the ratio da/ds raised to the 1.5 power.  The data
cluster about a value of 0.0122 mA/kV3/2.

The backstreaming limit data are shown in Fig. 9, where it can be seen that larger accelerator hole
diameters lead to the onset of backstreaming at considerably higher accelerator grid voltages.  In fact, the initially
selected accelerator grid voltage was not adequate to prevent backstreaming in some cases.  In this regard it is noted
that for the large diameter accelerator hole grids, the impingement experiments were performed at slightly higher
accelerator grid voltages to prevent electron backstreaming during the impingement limit measurements.  These test
results may warrant a more intensive numerical study to determine the tradeoffs of accelerator hole diameter on grid
life time and beamlet current limit behavior.  It is interesting to note the relatively insensitive dependence of
perveance limit on accelerator hole diameter that suggests subtle changes occur in the shape of the screen sheath and
beamlet waist at the accelerator grid as the accelerator hole diameter is varied.

Fig. 8a   Perveance limits for 7-hole HiPEP gridlets with different accelerator hole diameters. (Case 5B)

  

    Fig. 8b  Crossover limits for different accel hole diameter    Fig. 8c.  Normalization of crossover limit data
using experimentally measured sensitivities.
(See Table 2)
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Fig. 9   Backstreaming limit for 7-hole HiPEP gridlets with different accel hole diameters.  (Case 5B)

Figure 10 presents impingement current results where the ion source was operated over a range of flow rate
and discharge voltage conditions.  A wide range of perveance limit currents were observed that, in general,
increased with discharge voltage and decreased with flow rate.  The main focus of investigation using the ffx code to
be presented below was to try to match numerically determined impingement limits with trends observed in
impingement limits obtained from gridlet testing.  At this point it is noted that the impingement limits determined
using the ffx code for HiPEP Case 5A operated at a net voltage (VN) of 5000 V and an accelerator grid voltage (Va)
of -500 V are low compared to the experimentally determined limits. The experimentally determined crossover limit
was at a beamlet current (Jb) of about 0.4 mA, compared with an ffx code crossover limit of about 0.3 mA.  The
experimentally determined perveance limit ranges between 1.3 and 1.5 mA, depending on the flow rate and
discharge voltage, compared to an ffx code perveance limit of about 1.25 mA.  (Note that nearly all seven-hole
gridlet tests were performed at a moderate flow rate of about 0.35 to 0.45 sccm and with a discharge voltage of 30
V).  Flow rate and discharge voltage have an effect on the double-to-single current ratio (J++/J+) and other discharge
chamber plasma properties.  The discussion presented below summarizes the sensitivity of impingement limit data
on various parameters as determined from numerical simulations and gridlet testing.

Figure 11a contains results of numerical simulations that were performed using ffx to determine the
crossover and perveance limits for the Case 5C geometry.  It is noted that both the perveance and crossover limits
increase with total accelerating voltage as observed in experimental data.  Only direct (non-charge exchange)
impingement currents were used to generate the curves shown in Fig. 11a to clearly identify the beamlet current
limits, but the ffx code can determine charge-exchange impingement current as well (e.g., see Fig. 11b).

Figure 12 shows the effects of varying the double-to-single current ratio (J++/J+) on impingement data.   The
perveance limit is observed to increase with doubles content.  To understand this effect consider argon at 40 amu
(singly ionized).  As predicted by Eq. (1), the argon perveance limit is ~ 1.8 times [i.e., sqrt(131.2/40)] higher than
that corresponding to xenon (singly ionized) propellant.  Gridlet tests conducted with both Xe and Ar propellants
have confirmed this result.  Wilbur presents more data on effects of propellant atomic mass on ultra-high Isp, single-
hole gridlet systems that are operated on Ar, Kr, and Xe.7  Next consider a xenon ion source that is comprised of all
doubly charged ions. One can think of this source as m=131.2 amu and z=2 or equivalently as m=65.6 amu and z=1.

(kV)

da/da NSTAR

7.00

6.12

5.16
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From the 1-D space-charge-limited equation, one can see that the average ratio of mass-to-charge determines the
perveance limit in an electrostatic acceleration scheme.  In the extreme case being considered here (i.e., all doubles),
the perveance limit would be 21/2  times higher than the perveance limit of an ion source that produced only singly
charged xenon ions.  The gridlet test facility has been recently instrumented with an ExB probe that will enable
measurements of the charge state distribution of the beam current, and these measurements will be performed in the
near future.

Fig. 10  Seven-hole gridlet data obtained over a range of discharge voltage and flow rate.  (Case 5C)

Fig. 11a   Typical impingement limit data from ffx at 5 kV and 6.5 kV net accelerating voltages.  (Case 5A)
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Fig. 11b   ffx generated impingement current plot including effect of charge-exchange ion production processes.

Fig. 12  Effect of doubles-to-singles ratio on impingement current data as determined using ffx. (Case 5C)

Perveance Limit

similar to gridlet experiments that are conducted at fixed flow)
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One can reduce data from simulations and experiment to determine the sensitivity of impingement limit
data on a given parameter.  This is accomplished by first obtaining the impingement current limits at a given
operating condition and at operating conditions that correspond to slightly different values of a given parameter.
When one divides the new impingement limits by the nominal limit and plots these values against the normalized
parameter being studied, the resulting slope of this plot describes the sensitivity in units of %/%.  The sensitivity is
typically referred to as the percent change in the dependent parameter due to a given percent change in an
independent parameter.  As a mathematical example of this technique, consider Eq. (1) where the dependence of
perveance limit on total voltage is given as VT

3/2.   The sensitivity is given as
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The subscript designation “nom” refers to the nominal value of that parameter, and the other parameters in Eq. (3)
were defined earlier.  If one were to perform the same operations on Eq. (1) with respect to le for example, a
sensitivity of -2 %/% would be obtained.  Sensitivity calculations were performed on ffx simulation results and
gridlet experimental data to determine the sensitivity of crossover and perveance limits on many parameters.  The
results of this effort are shown in Table 2 where the sensitivities are ranked from strongest to weakest.

Table 2   Sensitivity data from ffx modeling and experimental measurements (ranked highest to lowest).

Perveance Limit Source for
Parameter    Description Sensitivity (%/%) Sensitivity Calc.

le   Effective acceleration length -2.22 ffx simulation Case 5A
"       "     " -2.29 Experiment Case 5B

VT   Total voltage 1.48 ffx simulation Case 5A
"       "     " 1.54 + 0.12 Experiment Case 5B
"       "     " 1.56 Experiment Case 5A

da   Accel hole diameter 0.97 ffx simulation Case 5A
"       "     " 0.63 Experiment Case 5A
ts   Screen grid thickness -0.25 ffx simulation Case 5A

J+/Jb   Single ion content -0.22 ffx simulation Case 5C
Vdp   Discharge plasma potential -0.086 ffx simulation Case 5C

lcc   Hole-to-hole spacing 0.052 ffx simulation Case 5C
ta   Accel grid thickness -0.0075 ffx simulation Case 5A
Te   Discharge electron temp. 0.0025 ffx simulation Case 5C

Crossover Limit Source for
Parameter    Description Sensitivity (%/%) Sensitivity Calc.

VT   Total voltage 1.95 ffx simulation Case 5A
"       "     " 1.37 Experiment Case 5B
"       "     " 1.46 Experiment Case 5A

da   Accel hole diameter -1.73 ffx simulation Case 5A
-1.44 Experiment Case 5A

le   Effective acceleration length -1.34 ffx simulation Case 5A
"       "     " -0.49 Experiment Case 5B
ts   Screen grid thickness 1.20 ffx simulation Case 5A

lcc   Hole-to-hole spacing -0.59 ffx simulation Case 5A
ta   Accel grid thickness 0.52 ffx simulation Case 5A

Vdp   Discharge plasma potential -0.40 ffx simulation Case 5A
J+/Jb   Single ion content -0.0535 ffx simulation Case 5C
Te   Discharge electron temp. 0.00 ffx simulation Case 5C
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In general, good agreement was observed between experimental data and ffx simulations, and a more
detailed discussion of comparisons between the two is given by Farnell.5  Briefly, the largest difference corresponds
to the crossover limit sensitivity on the effective acceleration length, le, where experiment suggests an inverse
square root dependence and numerical simulation suggests an inverse ~3/2 power dependence.  In regard to
perveance limit sensitivities, most are very similar between experiment and simulation, and no smoking gun was
found to explain the differences observed at ultra-low flow operation (see Fig. 10).

Figure 13 contains backstreaming margin data obtained using the ffx program for Case 5C geometry, but at
a grid-to-grid spacing that is only 9.09 rather than 11.36 (relative to NSTAR spacing as listed in Table 1).  At the
tighter spacing, the saddlepoint potential5 is nearly at 0 V for a beamlet current of 0.7 mA (note that the peak HiPEP
beamlet current is about 1 mA).  The saddlepoint potential represents the minimum resistance for preventing a beam
plasma electron from backstreaming, and saddlepoint potential values close to the beam plasma potential (assumed
to be +10 V) suggest that very little margin exists before backstreaming will begin to occur.  The same result is
indicated in Fig. 7 where the backstreaming limit was interpolated to be ~620 V at a spacing of 9.09 and net
accelerating voltage of 6.7 kV.  As shown in Fig. 13, increasing the accelerator voltage magnitude by 100 V was
found to increase the backstreaming margin by 85 V.

Fig. 13   Backstreaming voltage margins predicted from ffx numerical simulations.  (Case 5A modified to have
slightly smaller hole-to-hole spacing and significantly smaller grid-to-grid spacing)

 IV. Conclusions
An experimental study of sub-scale High Power Electric Propulsion (HiPEP) ion optics designs proposed

by the NASA Glenn Research Center was performed in which perveance and crossover beamlet current limits were
identified over wide ranges of geometrical and operational conditions.  Backstreaming voltage limits were measured
for different grid spacing to help finalize selection of this parameter and for accel gridlets that were fabricated with
progressively larger accel diameters to simulate the effects of accel barrel erosion over life.   Numerical models of
impingement current and electron backstreaming processes were observed to yield limits that agree well with
experimental values, however, some differences were identified.  In particular additional work is needed to bring
numerical and experimental determined crossover limits into better agreement.  Currently, numerical predictions of
crossover limits are lower than measured values.  Experimental crossover data were reduced in an attempt to
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identify dependencies on applied voltage and geometrical features.  A dependence on total voltage to the 3/2 power
was identified for crossover limit behavior.  In addition, experimental crossover limits appear to vary with
accelerator hole diameter raised to the -1.5 power and grid gap raised to the -0.5 power.  Good agreement was
observed between experimentally measured and numerically estimated (via ffx) sensitivities, which suggests that
most of the essential physics has been correctly included in the ffx model.

References
                                                          
1 P.J. Wilbur, J. Miller, C.C. Farnell, and V.K. Rawlin, “A Study of High Specific Impulse Ion Thruster Optics,”
IEPC-01-098, 27th International Electric Propulsion Conference, Pasadena, CA, 2001.
2 J.R. Brophy, J.E. Polk, and L.C. Pless, “Test-to-Failure of a Two-Grid, 30-cm-dia. Ion Accelerator System,” IEPC-
93-172, 23rd International Electric Propulsion Conference, Seattle, WA, 1993.
3 J.D. Williams, D.M. Goebel, and P.J. Wilbur, “A Model of Electron Backstreaming in Ion Thrusters,” AIAA-
2003-4560, 39th Joint Propulsion Conference, Huntsville, AL, 2003.
4 J.E. Foster, et al, “An Overview of the High Power Electric Propulsion (HiPEP) Project ,” AIAA-2004-3453, 40th

Joint Propulsion Conference, Fort Lauderdale, FL, 2004.
5 C.C. Farnell, “Numerical Simulation of HiPEP Ion Optics,” AIAA-2004-3818, 40th Joint Propulsion Conference,
Fort Lauderdale, FL, 2004.
6 J.D. Williams, D.M. Laufer, and P.J. Wilbur, “Experimental Performance Limits on High Specific Impulse Ion
Optics,” IEPC-03-128, 28th International Electric Propulsion Conference, Toulouse France, March 2003.
7 P.J. Wilbur, “Limits on High Specific Impulse Ion Thruster Operation,” AIAA-2004-4106, , 40th Joint Propulsion
Conference, Fort Lauderdale, FL, 2004.

NASA/CR—2006-213298 15



This publication is available from the NASA Center for AeroSpace Information, 301–621–0390.

REPORT DOCUMENTATION PAGE

2. REPORT DATE

19. SECURITY CLASSIFICATION
 OF ABSTRACT

18. SECURITY CLASSIFICATION
 OF THIS PAGE

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA  22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC  20503.

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. Z39-18
298-102

Form Approved
OMB No. 0704-0188

12b. DISTRIBUTION CODE

8. PERFORMING ORGANIZATION
 REPORT NUMBER

5. FUNDING NUMBERS

3. REPORT TYPE AND DATES COVERED

4. TITLE AND SUBTITLE

6. AUTHOR(S)

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT

13. ABSTRACT (Maximum 200 words)

14. SUBJECT TERMS

17. SECURITY CLASSIFICATION
 OF REPORT

16. PRICE CODE

15. NUMBER OF PAGES

20. LIMITATION OF ABSTRACT

Unclassified Unclassified

Final Contractor Report

Unclassified

1. AGENCY USE ONLY (Leave blank)

10. SPONSORING/MONITORING
 AGENCY REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration
Washington, DC  20546–0001

Available electronically at http://gltrs.grc.nasa.gov

January 2006

NASA CR—2006-213298
AIAA–2004–2814

E–14745

WBS–22–319–20–B2
NNC04GB20G

21

HiPEP Ion Optics System Evaluation Using Gridlets

John D. Williams, Cody C. Farnell, D. Mark Laufer, and Rafael A. Martinez

Ion propulsion; Ion optics

Unclassified -Unlimited
Subject Category: 20 Distribution:   Nonstandard

Colorado State University
1 Colorado State
Fort Collins, Colorado 80523–0001

Prepared for the 40th Joint Propulsion Conference and Exhibit cosponsored by the AIAA, ASME, SAE, and ASEE,
Fort Lauderdale, Florida, July 11–14, 2004.  Project Manager, John Foster, Power and On–Board Propulsion
Technology Division, NASA Glenn Research Center, organization code 5430, 216–433–6131.

Experimental measurements are presented for sub-scale ion optics systems comprised of 7 and 19 aperture pairs with
geometrical features that are similar to the HiPEP ion optics system. Effects of hole diameter and grid-to-grid spacing
are presented as functions of applied voltage and beamlet current. Recommendations are made for the beamlet current
range where the ion optics system can be safely operated without experiencing direct impingement of high energy ions
on the accelerator grid surface. Measurements are also presented of the accelerator grid voltage where beam plasma
electrons backstream through the ion optics system. Results of numerical simulations obtained with the ffx code are
compared to both the impingement limit and backstreaming measurements. An emphasis is placed on identifying
differences between measurements and simulation predictions to highlight areas where more research is needed.
Relatively large effects are observed in simulations when the discharge chamber plasma properties and ion optics
geometry are varied. Parameters investigated using simulations include the applied voltages, grid spacing, hole-to-hole
spacing, doubles-to-singles ratio, plasma potential, and electron temperature; and estimates are provided for the
sensitivity of impingement limits on these parameters.







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Generic CMYK Profile)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AbadiMT-CondensedExtraBold
    /AbadiMT-CondensedLight
    /AndaleMono
    /Apple-Chancery
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BernardMT-Condensed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /Braggadocio
    /BritannicBold
    /BrushScriptMT
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /CapitalsRegular
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Charcoal
    /Chicago
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Courier
    /Courier-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /Desdemona
    /EdwardianScriptITC
    /EngraversMT
    /EngraversMT-Bold
    /EurostileBold
    /EurostileRegular
    /FootlightMTLight
    /GadgetRegular
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Garamond-UltraCondensed
    /Garamond-UltraCondensedItalic
    /Geneva
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GillSans-UltraBold
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /Gulim
    /Haettenschweiler
    /Harrington
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HelveticaNeue-Heavy
    /HelveticaNeue-HeavyItalic
    /HelveticaNeue-Light
    /HelveticaNeue-LightItalic
    /HelveticaNeue-Medium
    /HelveticaNeue-MediumItalic
    /HoeflerText-Black
    /HoeflerText-BlackItalic
    /HoeflerText-Italic
    /HoeflerText-Ornaments
    /HoeflerText-Regular
    /Impact
    /ImprintMT-Shadow
    /KinoMT
    /LatinWide
    /LucidaBlackletter
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /MS-Gothic
    /MS-Mincho
    /MS-PGothic
    /MS-PMincho
    /MathematicalPi-Five
    /MathematicalPi-Four
    /MathematicalPi-One
    /MathematicalPi-Six
    /MathematicalPi-Three
    /MathematicalPi-Two
    /MaturaMTScriptCapitals
    /Mistral
    /Modern-Regular
    /Monaco
    /MonotypeCorsiva
    /MonotypeSorts
    /NewYork
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NuptialScript
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /Onyx
    /PMingLiU
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /Palatino-Roman
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /Playbill
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /SandRegular
    /SimSun
    /Skia-Regular
    /Stencil
    /Symbol
    /Tahoma
    /Tahoma-Bold
    /TechnoRegular
    /TextileRegular
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings
    /Wingdings2
    /Wingdings3
    /WoodtypeOrnaments-One
    /ZapfDingbats
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


